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It  is  found  that  carbon  monoxide  (CO)  poisoning  could  be  mitigated  by  increasing  only  cathode  back¬ 
pressure  for  a  proton  exchange  membrane  fuel  cell  (PEMFC)  with  ultra-thin  membranes  (<25  (Jim).  This 
mitigation  can  be  explained  by  a  heterogeneous  oxidation  of  CO  on  a  Pt-Ru/C  anode  by  the  permeated  O2 
which  is  known  as  “internal  air  bleed”  in  his  paper.  A  steady-state  model  which  accounts  for  this  internal 
air  bleed  has  been  developed  to  model  the  Pt-Ru/C  anode  polarization  data  when  50  ppm  CO  in  H2  is 
used  as  anode  feed  gas.  The  modeling  results  show  that  the  mitigation  of  CO  poisoning  by  the  internal  air 
bleed  even  exists  at  ambient  conditions  for  a  PEMFC  with  an  ultra-thin  membrane.  Therefore,  the  effect 
of  internal  air  bleed  must  be  considered  for  modeling  fuel  cell  performance  or  anode  polarization  data  if 
an  ultra-thin  membrane  and  a  low  level  of  CO  concentration  are  used  for  a  Pt-Ru/C  anode.  An  empirical 
relationship  between  the  amount  of  internal  air  bleed  used  for  the  mitigation  of  CO  poisoning  and  the 
fraction  of  free  Pt  sites  is  provided  to  facilitate  the  inclusion  of  an  internal  air  bleed  term  in  the  modeling 
of  anode  polarization  and  the  fuel  cell  performance. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton  exchange  membrane  fuel  cell  (PEMFC)  is  promising 
for  transportation  and  stationary  applications  power  due  to  high 
fuel  efficiency,  quick  start-up,  and  high  power  density  under  low 
temperatures.  However,  carbon  monoxide  (CO)  poisoning  has  been 
a  major  barrier  to  the  commercialization  of  PEMFCs.  It  has  been 
demonstrated  very  early  that  even  a  small  amount  of  CO  as  low  as 
10  ppm  in  anode  feed  stream  could  cause  considerable  performance 
loss  when  Pt/C  was  used  as  anode  catalyst  [1  ]. 

Extensive  research  has  been  devoted  to  the  mitigation  of  CO 
poisoning  in  a  PEMFC.  Gottesfeld  and  Pafford  [2]  first  presented 
the  oxygen  bleeding  technique  to  reduce  CO  poisoning  by  mixing 
2-5  vol%  02  with  anode  fuel  containing  100  ppm  CO.  The  mitigation 
mechanism  of  oxygen  bleeding  technique  is  the  heterogeneous  oxi¬ 
dation  of  CO  by  02  to  C02  [3].  CO  poisoning  can  also  be  mitigated  by 
using  dilute  (5  vol%)  and  oxygen- evolving  H202  in  an  anode  humid¬ 
ifier  for  a  100  ppm  CO  in  a  H2  feed  [4],  which  was  reduced  to  less 
than  1  vol%  by  Bellows  et  al.  [5]  to  mitigate  the  same  CO  level  in  the 
anode  feed.  The  mitigation  mechanism  for  dilute  H202  was  found  to 
be  the  slow  decomposition  of  H202  to  02  in  the  stainless  steel  anode 
humidifier  instead  of  H202  vapor  decomposition  on  a  catalyst. 
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Another  approach  to  alleviating  CO  poisoning  is  use  CO-tolerant 
Pt-alloys  as  anode  catalysts,  such  as  Pt-Ru  [6-12],  Pt-Sn  [6,7],  Pt-Ti 
[13],  and  Pt-Mo  [14-17],  or  Pt-Ru-Mo  [18].  Pt-Ru  is  the  most 
commonly  used  anode  catalyst  among  all  the  CO-tolerant  Pt-M  cat¬ 
alysts.  The  mechanism  of  better  CO-tolerance  for  Pt-Ru  is  either  due 
to  the  fact  that  H20  adsorbs  on  the  alloying  Ru  at  lower  potential 
compared  with  Pt  [19-21  ]  or  CO  adsorbs  on  Pt  less  strongly  due  to 
the  presence  of  the  alloying  Ru  [22].  The  effect  of  oxygen  bleed  or 
air  bleed  can  be  enhanced  when  combining  a  CO-tolerant  anode. 
Murthy  et  al.  [23]  reported  that  single  cell  performance  could  be 
restored  for  a  PEMFC  operating  with  500  ppm  CO  in  an  anode  feed 
when  a  CO-tolerant  Pt-alloy  and  a  5  vol%  air  bleed  were  used  for 
the  anode.  Performance  could  be  recovered  a  lot  for  3000  ppm  CO 
when  a  higher  air  bleed  (15  vol%)  was  used.  For  a  5  vol%  air  bleed, 
a  higher  CO-tolerance  (~1000ppm  CO/H2)  could  be  achieved  for  a 
Pt-Ru  anode  if  a  Ni-foam  sheet  filled  with  Fe203-Au  powder  was 
placed  before  the  anode  [24].  The  purpose  of  using  Fe203  is  because 
the  rate  of  selective  oxidation  of  CO  by  02  on  Au/Fe  interface  is  high 
at  normal  fuel  cell  operational  conditions.  Shi  et  al.  [25]  reported 
recently  a  novel  anode  with  Pt-  or  Au-refined  diffusion  layer,  which 
enhances  considerably  the  efficiency  of  a  2%  air  bleed. 

Haug  et  al.  proposed  a  less  expensive  Ru  filter  consisting  of 
carbon-supported  Ru  and  Nation®  solids  [26]  or  sputter-deposited 
Ru  layer(s)  separated  by  Nafion-carbon  ink  [27].  This  Ru  filter  could 
be  placed  on  top  of  a  Pt  anode  to  increase  the  CO  tolerance  with  a 
low-level  air  bleed.  According  to  their  work,  the  increased  CO  tol¬ 
erance  of  Ru  filter  is  primarily  because  of  the  formation  of  Ru-OH 
from  the  02  in  the  air  bleed.  Furthermore,  the  kinetics  of  H2  adsorp- 
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Nomenclature 

bfC  back-to-forward  CO  adsorption  ratio  (Pa) 

bfr  back-to-forward  H2  adsorption  ratio  (Pa) 

Cq2  concentration  of  02  in  the  CCM  (mol  cm-3 ) 
c°2  pre-exponential  factor  (mol  cm-3 ) 

ct  molar  area  density  of  catalyst  site  (mol  cm-2 ) 

Dq2  diffusion  coefficient  of  02  (cm2  s-1 ) 

Dq2  pre-exponential  factor  (cm2  s-1 ) 

Ediff  activation  energy  for  diffusion  (J  mol-1 ) 

F  Faraday’s  constant  (96,485  C  mol-1 ) 

A  Gdiss  free  energy  of  dissolution  (J  mol-1 ) 
i  current  density  of  fuel  cell  (A  cm-2 ) 

ih  current  density  from  hydrogen  oxidation  (A  cm-2 ) 

/<i  rate  constant  for  02  dissociation  on  Pt 

(mol  cm-2  s-1  Pa-1) 

/<co  rate  constant  for  oxidation  of  Pt-CO  by  Pt-0 
(mol  cm-2  s-1) 

keh  hydrogen  electro-oxidation  rate  constant 

(mol  cm-2  s-1) 

kfC  electrode  forward  CO  adsorption  rate  constant 
(mol  cm-2  s-1  Pa-1) 

kfi  electrode  forward  H2  adsorption  rate  constant 
(mol  cm-2  s-1  Pa-1) 

n  number  of  electrons  involved  in  H2  oxidation,  which 

is  equal  to  2 

Nq2  flux  of  02  through  membrane  (mol  cm-2  s-1 ) 

I<eq  equilibrium  constant  (Pa-1/2) 

I<h  Henry’s  constant  for  air-equilibrated  membrane 

(kPa  cm3  mol-1) 

Patm  atmospheric  pressure  (101.325  kPa) 

Pc o  partial  pressure  of  CO  in  the  humidified  gas  (Pa) 

Po2  partial  pressure  of  02  in  the  humidified  gas  (Pa) 

Psat  saturated  water  vapor  pressure  (Pa) 

Pt  total  cathode  backpressure  (Pa) 

r  reaction  rate  (mol  cm-2  s-1 ) 

R  universal  constant  (8.314J  mol-1 1<-1 ) 

t  time  (s) 

tm  membrane  thickness  (cm) 

T  absolute  temperature  (I<) 

Vh2  cell  voltage  for  (H2,  air)  system  at  a  given  current 
density  (V) 

Vco /h2  ce 11  voltage  for  (CO/H2 ,  air)  system  at  a  given  current 

density  (V) 

Greek  letters 

Pu2  transfer  coefficient  of  H2 

y  fraction  of  permeated  02  used  for  oxidation  of  CO 

rja  anode  overpotential  (V) 

Pa, ex  experimental  anode  overpotential  (V) 

pa,th  predicted  anode  overpotential  (V) 

$co*  $h2  fractional  coverage  of  CO,  H2 
0M  fraction  of  free  Pt  sites 


tion  on  Ru  is  a  few  orders  of  magnitude  slower  than  that  on  Pt,  the 
lower  concentration  of  H2  on  the  Ru  filter  increases  the  probability 
of  reaction  between  Ru-OH  and  Ru-CO.  A  reconfigured  anode  con¬ 
taining  inexpensive  transition  metal  oxides  (e.g.,  CuO  and  Fe203) 
coating  on  the  gas  diffusion  layer  could  also  be  employed  to  oxi¬ 
dize  CO  with  a  6-vol%  air  bleed  before  the  anode  feed  reaches  the 
anode  active  layer  [28].  A  tolerance  to  100  ppm  CO  in  H2  is  achiev¬ 
able  for  this  reconfigured  anode  when  using  a  Pt  anode  with  low 
catalyst  loading.  Adcock  et  al.  [29]  further  demonstrated  that  the  CO 


tolerance  of  a  Pt  anode  could  be  raised  to  the  same  level  as  that  of 
a  CO-tolerant  Pt-Ru  anode  with  similar  Pt  loading  if  a  reconfigured 
anode  and  a  small  amount  of  air  bleed  were  used. 

The  rates  of  hydrogen  and  oxygen  crossover  may  influence  the 
fuel  cell  reactions  occurring  on  anode  and  cathode  sides  and  sub¬ 
sequently  the  cell  performance  of  the  whole  fuel  cell.  The  diffusion 
properties  of  H2  and  02  through  the  Nation®  membranes  have  been 
examined  extensively  and  some  of  these  papers  used  a  Nation® 
membrane  with  a  pressed-on  catalyst  [30-34].  Others  used  a  cylin¬ 
drical  microelectrode  with  pressed-on  Nation®  membrane  [35-37]. 
Regardless  of  the  electrodes  used,  they  employed  the  same  tech¬ 
nique  by  setting  the  electrode  potential  high  or  low  enough  so  that 
H2  or  02  was  oxidized  or  reduced  under  mass  transfer  limited  con¬ 
ditions.  Diffusion  coefficients  or  solubility  could  be  determined  by 
using  all  or  part  of  the  data  points.  Relatively  thick  membranes  were 
used  for  the  studies  of  permeability  of  membranes. 

Zhang  et  al.  examined  the  effect  of  oxygen  permeation  on  the 
PEMFC  performance  with  Nation®  115  (125  pm)  and  117  (175  pan) 
as  a  function  of  anode  flow  rates  corresponding  to  stoichiometries 
much  greater  than  1.2  and  estimated  a  selectivity  coefficient  for 
the  reaction  of  diffused  02  with  the  adsorbed  CO  on  a  Pt/C  anode 
with  a  CO  inventory  model  [38].  It  was  further  shown  by  Zhang  et 
al.  that  no  significant  mitigation  of  CO  poisoning  effect  by  diffused 
02  could  be  observed  for  Nation®  115  (125  pm)  if  air  was  used  as 
cathode  feed  gas.  However,  the  crossover  rate  of  02  from  cathode  to 
anode  could  be  much  larger  for  catalyst-coated  membranes  (CCMs) 
fabricated  with  ultra-thin  (<25  p,m)  membranes  when  air  is  used 
for  cathode.  The  work  presented  here  is  to  examine  the  effect  of 
diffused  02,  which  is  known  as  internal  air  bleed  in  this  paper,  on 
the  mitigation  of  CO  poisoning  for  a  CO-tolerant  Pt-Ru/C  anode  with 
ultra-thin  membranes.  A  model  which  accounts  for  the  diffusion  of 
the  dissolved  02  through  the  membrane,  the  adsorption  of  02  in 
the  anode  catalyst,  and  the  subsequent  surface  reaction  of  02  with 
CO  will  be  used  to  predict  the  anode  overpotential. 


2.  Experimental 

The  fuel  cell  used  in  the  experiment  was  a  25-cm2  single  cell 
with  a  triple  serpentine  flow  field  manufactured  by  Fuel  Cell  Tech¬ 
nology,  Inc.  Multiple  CCMs  were  used  in  the  experiments.  They 
were  reproducible  to  within  ±5  mV  at  a  given  current  and  they 
consisted  of  a  0.45  mg  cm-2  Pt-Ru  (1:1)  on  carbon  anode  and  a 
0.4  mg  cm-2  Pt  on  carbon  cathode  deposited  onto  either  a  5  or 
25  pm  Gore  Select®  membrane.  The  Pt-Ru(l  :1)  catalyst  for  anode 
is  supported  on  Vulcan  XG-72.  The  weight  percentages  of  Pt  and 
Ru  are  33%  and  17%,  respectively.  The  Pt  catalyst  for  cathode  is  sup¬ 
ported  on  Vulcan  XC-72  and  the  weight  percentage  of  Pt  is  50%. 
Both  catalysts  are  from  Tanaka  Kikinzoku  Group.  The  weight  ratio 
of  carbon  to  Nation  ionomer  is  0.35:0.5  in  both  anode  and  cathode 
catalyst  layers.  The  thickness  of  the  anode  or  the  cathode  coating 
was  about  12.5  pm.  CARBEL™  CL  Gas  Diffusion  Media  (0.4  mm) 
from  W.L.  Gore  &  Associates,  Inc.  was  used  and  compressible  gaskets 
(0.25  mm)  were  inserted  between  flow  field  plates  and  the  CCM  to 
prevent  fuel  gases  from  leaking.  The  active  area  of  the  fuel  cell  was 
20  cm2  because  two  sub-gaskets  (25  pan)  with  a  20-cm2  window 
were  inserted  between  the  CCM  and  the  compressible  gaskets. 

The  gas  flow  rates,  humidification  bottle  temperature  were  con¬ 
trolled  with  a  test  station  (Model  891 )  made  by  Scribner  Associates, 
Inc.  The  fuel  gas  for  the  anode  was  either  ultra-high  purity  hydro¬ 
gen  or  CO/H2  and  the  gas  for  cathode  was  industrial  grade  air. 
The  cell  temperature  was  70  °C.  The  gases  of  anode  and  cathode 
were  humidified  by  passing  the  gas  through  deionized  (DI)  water 
and  the  correlation  of  dew  points  and  humidification  temperatures 
were  measured  as  described  in  Ref.  [39].  For  the  25  pan  CCM,  the 
humidification  temperatures  were  85  and  75  °C,  respectively.  The 
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Fig.  1.  The  effect  of  cathode  backpressure  on  PEMFC  performance  for  25  (Jim  CCM 
with  50 ppm  CO/H2  and  data  shown  for  neat  H2.  Tceii  =  70oC,  TD(A/C)  =  80/70 °C. 
Closed  symbols  are  for  CO/H2,  and  open  symbols  are  for  H2.  101  kPa  (•  and  O) 
303  kPa  (■  and  □). 

humidification  temperatures  for  the  5  |jim  CCM  were  75  and  65  °C 
for  anode  and  cathode,  respectively,  corresponding  to  dew  points 
of  70  and  60  °C.  The  reason  why  relatively  lower  humidification 
temperatures  were  used  for  5  p,m  CCM  is  because  it  is  thinner  and 
less  water  is  needed  to  make  it  well  hydrated.  The  stoichiometry 
for  the  normal  fuel  cell  operation  was  1.2  for  anode  (dry  H2  base) 
and  2.0  for  cathode.  In  this  work,  each  new  CCM  was  subjected  to  a 
constant-voltage  three-step  70-h  incubation  procedure  before  the 
new  CCM  was  used  in  the  experiments. 

In  the  experiments,  the  steady-state  current-voltage  polariza¬ 
tion  curves  were  obtained  in  neat  H2  and  in  a  mixture  of  50  ppm 
CO/H2.  Two  different  sets  of  backpressures,  P(A/C)  =  101/101  kPa 
and  P(A/C)  =  101/303  kPa,  were  used  for  anode  and  cathode.  Note 
that  only  the  cathode  backpressure  was  changed  in  an  effort  to 
maintain  a  constant  dynamic  hydrogen  reference  electrode.  For 
each  CCM,  current-voltage  curves  were  obtained  with  neat  H2 
under  different  backpressures  before  it  was  exposed  to  CO/H2  so 
that  a  baseline  could  be  established.  For  the  polarization  curve,  the 
cell  voltages  were  arranged  in  a  random  sequence  to  remove  hys¬ 
teresis  and  ensure  reproducible  data.  After  the  cell  voltage  was  set, 
the  test  station  changed  the  flow  rates  automatically  based  on  the 
current  to  obtain  the  desired  stoics  of  1.2  and  2.0.  Note  that  the  mass 
flow  controllers  used  in  the  experiments  had  a  minimum  flow  rate 
of  50  standard  cm3  min-1  (seem)1 .  Thus  the  gas  flow  rate  would  be 
kept  at  50  seem  if  the  flow  rate  is  smaller  than  50  seem  based  on 
stoics.  Multiple  CCMs  were  used  during  the  experiments.  The  polar¬ 
ization  curves  for  the  same  type  of  CCMs  were  within  ±5%  of  the 
current  at  the  same  cell  voltage.  For  a  given  CCM,  there  was  no  dif¬ 
ference  in  the  polarization  curves  with  neat  H2  before  and  after  the 
experiments. 

3.  Results  and  discussion 

3  A.  Effects  of  cathode  backpressure  and  membrane  thickness  on 
cell  performance 

Figs.  1  and  2  show  the  steady-state  current-voltage  curves  for 
neat  FI2  and  50  ppm  CO/FI2  mixture  for  25  and  5  p,m  CCMs  under  dif¬ 
ferent  cathode  backpressures.  The  cell  performance  increases  as  the 
backpressure  of  air  increases  for  both  neat  H2  and  50  ppm  CO/H2 
mixture,  as  shown  in  Figs.  1  and  2.  Figs.  3  and  4  present  anode 


1  Our  standard  conditions  refer  to  273  K  and  101  kPa. 


Fig.  2.  The  effect  of  cathode  backpressure  on  PEMFC  performance  for  5  p,m  CCM  with 
50  ppm  CO/H2  and  data  shown  for  neat  H2.  rcen  =  70oC,  TD(A/C)  =  70/60 °C.  Closed 
symbols  are  for  CO/H2,  and  open  symbols  are  for  H2. 101  kPa  (•  and  O)  303  kPa  (■ 
and  □). 


Fig.  3.  Comparison  of  anode  overpotential  between  the  model  prediction  and  exper¬ 
imental  data  for  25  p,m  CCM  with  50  ppm  CO/H2.  Tceii  =  70°C,  TD(A/C)  =  80/70  °C, 
Stoic.(A/C)  =  1.2/2.0.  (•)  Whole-cell  anode  polarization  when  P(A/C)  =  101/101  kPa, 
(■)  whole-cell  anode  polarization  when  P(A/C)  =  101  /303  kPa,  (— )  model  prediction. 


Current  density  /  mAcrn'2 


Fig.  4.  Comparison  of  anode  overpotential  between  the  model  prediction  and  exper¬ 
imental  data  for  5  |xm  CCM  with  50  ppm  CO/H2.  rcen  =  70oC,  TD(A/C)  =  70/60  °C, 
Stoic.(A/C)  =  1.2/2.0.  (•)  Whole-cell  anode  polarization  when  P(A/C)  =  101/101  kPa, 
(■)  whole-cell  anode  polarization  when  P(A/C)  =  101  /303  kPa,  (— )  model  prediction. 
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overpotential  data  obtained  by  subtracting  the  cell  potential  with 
CO/H2  from  the  cell  potential  with  neat  hydrogen  at  the  same  cur¬ 
rent  density.  Therefore,  to  call  this  overpotential,  it  is  assumed  that 
the  hydrogen  overpotential  with  neat  hydrogen  is  negligible,  that 
CO  does  not  affect  the  thermodynamic  voltage  of  either  electrode, 
and  that  the  ohmic  contribution  to  the  cell  voltage  and  the  cathodic 
overpotential  depend  only  on  the  current  density.  Since  the  oxida¬ 
tion  of  H2  on  Pt  or  Pt/Ru  is  very  fast,  rjHl  is  small  and  negligible, 
the  anode  polarization  due  to  the  presence  of  CO  in  the  anode  gas 
stream  can  be  written  as  the  difference  between  the  cell  voltages 
under  the  same  current  density. 

h2  -  V^C0/h2  (1) 

These  overpotential  data  allows  us  to  compare  the  effect  of  inter¬ 
nal  air  bleed  on  CO  poisoning  when  the  baseline  performances  are 
different.  If  there  is  no  oxygen  crossover  in  the  PEM  fuel  cell,  the 
anode  polarization  under  different  cathode  backpressures  should 
be  the  same.  However,  it  is  indicated  very  clearly  in  Figs.  3  and  4 
that  the  anode  polarization  decreases  with  the  increase  of  cathode 
backpressure  or  a  thinner  CCM  is  used. 

Du  et  al.  [40]  demonstrated  that  there  was  a  decrease  in  CO 
concentration  when  reformate  gas  containing  10.53  ppm  CO  was 
passed  through  anode  at  open  circuit  condition.  It  is  obvious  that 
oxygen  crossover  plays  an  important  role  in  the  partial  removal  of 
CO  for  the  ultra-thin  CCMs  under  high  cathode  backpressure.  How¬ 
ever,  the  internal  air  bleed  cannot  remove  all  adsorbed  CO  on  the 
anode  catalyst  surface  because  the  performance  of  50  ppm  CO/H2 
is  still  lower  than  that  of  neat  H2  even  when  the  cathode  backpres¬ 
sure  is  increased  to  303  kPa.  The  diffusion  coefficient  of  02  through 
membrane  is  larger  and  CO  sticking  coefficient  on  Pt  is  less  under 
higher  cell  temperatures,  so  it  is  expected  that  this  internal  air 
bleeding  technique  may  be  more  effective  under  relatively  higher 
cell  temperatures  (>70°C). 


3.2.  Calculation  of  02  crossover  through  membranes 


The  flux  of  02  through  membrane  is  a  critical  parameter  for 
modeling  of  the  effect  of  internal  air  bleed  on  CO  poisoning.  Gore 
Select®  membrane  is  a  composite  membrane  reinforced  with  a 
microporous,  expanded  polytetrafluoroethylene  (e-PTFE).  It  is  man¬ 
ufactured  by  impregnating  the  porous  e-PTFE  with  Nation®  resin. 
The  porosity  of  the  porous  e-PTFE  could  be  as  high  as  95%  and 
almost  all  the  interior  volume  of  the  e-PTFE  is  filled  by  Nation® 
resin  [41  ].  This  means  Gore  Select®  membrane  is  composed  primar¬ 
ily  of  Nation®  resin.  The  5  and  25  p,m  Gore  Select®  membranes  look 
transparent,  very  much  like  the  non-reinforced  Nation®  membrane. 
Both  kinds  of  Gore  Select®  membranes  appear  to  be  uniform  and 
homogeneous.  According  to  Liu  et  al.  [42],  the  hydrogen  crossover 
rate  of  a  25  p,m  Gore  Select®  membrane  is  similar  to  that  of  a 
25  pan  Nation®  101.  For  these  reasons,  5  and  25  pm  Gore  Select® 
membranes  can  be  treated  as  Nation®  membranes  with  the  same 
thicknesses  in  estimating  oxygen  diffusion  coefficient  and  oxygen 
crossover  rate  without  introducing  too  much  error.  Under  mass 
transfer  limited  condition,  the  flux  of  02  through  Gore  Select® 
membrane  can  be  written  as  follows: 


Nq2  = 


D02C02 

tm 


(2) 


where  Do2  is  the  diffusion  coefficient  of  02  in  the  membrane  and 
Co2  is  the  solubility  of  02  in  the  membrane.  Diffusion  coefficient 
and  solubility  of  02  in  membranes  are  routinely  measured  by  the 
electrochemical  monitoring  technique  developed  by  Devanathan 
and  Stachurski  [43].  Ogumi  et  al.  investigated  the  permeation  of 
02  through  Nation®  120  and  Nation®  117  of  different  ionic  types  in 
sulfate  salt  media  using  the  electrochemical  monitoring  technique 
and  determined  the  diffusion  coefficient  and  solubility  of  02  using 


Table  1 

Parameters  for  calculating  molar  flux  of  02  in  hydrated  H+  membrane. 


Dq2  (xlO6  cm2  s_1) 

I<h  ( x  10-7  kPa  cm3  mol-1 ) 

Ediff  ( kJmoP1) 

AGdiss  (kJmoL1) 

2.05  (50°C)a 

2.68  (50°C)a 

24.9b 

-5.53b 

a  From  Ref.  [46]. 
b  From  Ref.  [45]. 

Table  2 

Molar  flux  of  02  through  the  membrane  under  different  cathode  backpressures  for 
25  and  5  |jim  CCMs  (T=  70  °C). 

Cathode  backpressures  (kPa) 

101.33 

303.98 

Oxygen  partial  pressures  (kPa) 

14.734 

57.290 

CCM  thickness  (p,m) 

25 

5  25 

5 

Molar  flux  for  02  ( x  107  mol  cm-2  s_1 ) 

0.0068 

0.034  0.027 

0.13 

only  part  of  the  data  [30,31  ].  Kimble  et  al.  presented  a  more  accurate 
nonlinear  parameter  estimation  technique  to  determine  the  diffu¬ 
sion  coefficient  and  solubility  of  gases  by  using  all  the  experimental 
data  [44].  Haug  and  White  estimated  the  diffusion  coefficient  and 
solubility  of  02  through  the  H+  Nation®  117  and  Cape  Cod  mem¬ 
branes  in  0.5  M  H2S04  medium  employing  the  above-mentioned 
nonlinear  parameter  estimation  technique  [34].  Parthasarathy  et 
al.  did  thorough  research  on  temperature  and  pressure  dependence 
of  02  diffusion  coefficient  and  solubility  in  H+  Nation®  membrane 
under  conditions  which  are  similar  to  an  operating  PEM  fuel  cell 
[45,46].  According  to  Parthasarathy  et  al.,  the  diffusion  coefficient 
of  02  in  hydrated  H+  Nation®  membrane  is  independent  of  partial 
pressure  of  02.  However,  its  dependence  on  temperature  follows  an 
Arrhenius  relationship: 

Dq2  =D°2exp  (3) 


A  similar  equation  can  be  used  to  describe  the  dependence  of  sol¬ 
ubility  of  02  on  temperature: 

c02=cg2exp(-^)  (4) 

Henry’s  law  can  be  used  to  relate  the  solubility  of  02  in  H+  Nation® 
membrane  to  the  partial  pressure  of  02  in  the  gas  phase  [46]: 


where  I<h  is  the  Henry’s  constant.  Eq.  (5)  means  the  solubility  of 
oxygen  in  the  membrane  is  proportional  to  the  partial  pressure  of 
oxygen  in  the  gas  mixture.  The  saturated  water  vapor  pressure  is 
constant  in  the  fuel  cell  and  equals  psat  =  31.164  kPa  at  70  °C.  Since 
it  is  a  relatively  small  cell,  it  is  assumed  that  the  partial  pressure  of 
02  is  uniform  everywhere,  which  is  equal  to 


Po2  —  (Pt  —  Psat)  x  0.21 


(6) 


where  0.21  is  the  molar  fraction  of  02  in  air. 

Values  of  Do2  (T=  50  °C),  I<H  ( T  =  50  °C),  Ediff,  and  A Gdiss  are  listed 
in  Table  1.  Diffusion  coefficient  of  02  at  T=  70  °C  can  be  calculated 
with  Eq.  (3)  directly.  Solubility  of  02  at  T=  70  °C  can  be  calculated 
with  Eqs.  (4)-(6).  The  fluxes  of  02  (Nq2)  through  25  and  5(xm 
hydrated  Gore  Select®  membranes  at  T=  70  °C  are  shown  in  Table  2. 

4.  Modeling 

The  internal  air  bleed  can  oxidize  the  CO  in  the  anode  chemically. 
It  was  proposed  by  Giorgi  et  al.  [47]  that  electrochemical  oxidation 
of  H2  on  Pt-Ru/C  follows  a  Heyrovski-Volmer  mechanism,  which 
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can  be  written  as 

kfh 

Pt  +  H2  4  Pt-H2 

(7) 

bfhkfh 

Pt-H2  kS  Pt  +  2H+  +  2e~ 

(8) 

Since  Ru-OH  is  only  involved  in  the  oxidation  of  CO  under  relatively 
higher  anode  potential  [21  ]  and  the  anode  overpotential  obtained  in 
this  work  is  fairly  small  (<0.1  V),  no  contribution  of  oxidation  of  CO 
by  Ru-OH  will  be  included  in  the  modeling  equations.  The  presence 
of  Ru  in  a  Pt-Ru  anode  only  changes  the  adsorption  and  desorption 
constants  of  CO  on  Pt: 

Pt  +  CO  Is  Pt-CO  (9) 

bfckfc 

Therefore,  the  CO  poisoning  and  the  effect  of  internal  air  bleed  can 
be  studied  by  modifying  the  equations  of  Springer  et  al.  [48]  and 
Nwoga  and  Van  Zee  [49-51  ]  by  including  only  a  consumption  term 
(2yNo2 )  in  the  balance  for  CO  sites: 

Ct~JfL  =  tyftPH2(l  “  #co  -  @h2)  -  bfhkfll0n2  -  ^  (10) 

ct  =  k/cPc o(  1  -  0Co  -  0h2  )  -  bfck/c0 co  -  2 y^o2  ( H ) 

where  y  is  the  fraction  of  02  diffused  to  anode  that  oxidizes  CO, 
0  <  y  <  1,  No2  is  the  molar  flux  of  02,  which  is  a  constant  calculated 
according  to  Eqs.  (2)-(6),  and  ct  is  the  molar  area  density  of  catalyst 
sites.  The  partial  pressures  of  CO  and  H2  are  as  follows: 

PH2  =  Patm  —  Psat  (12) 

Pc O  —  ( Patm  ~  Psat)  x  50  X  10  6  (13) 

Although  there  will  be  some  trace  amount  of  CO  diffusing  through 
the  membrane  to  the  cathode  side  [52],  it  does  not  seem  to  affect  the 
cathode  side  too  much  since  the  cathode  side  is  highly  oxidative  and 
the  diffused  CO  to  the  cathode  side  will  meet  a  huge  air  bleed  during 
normal  fuel  cell  operation.  The  rate  expression  for  H2  oxidation  is 
assumed  to  obey  the  Butler-Volmer  equation  and  if  we  only  analyze 
the  region  prior  to  CO  oxidation,  H2  oxidation  is  equal  to  the  total 
current  density  of  the  fuel  cell.  That  is, 


'  'ft  ,  a  ( 

(1  -  Ph2  )nFr)a " 

PH2nFr)a ' 

2F  =  2F=  keh°H2  [  exp 

RT 

-  exp 

RT 

(14) 

where  r)a  is  the  overpotential  calculated  from  the  experiment  as 
described  in  Refs.  [38,53].  The  flux  (Nq2  )  is  calculated  by  assuming 
the  concentration  of  02  on  the  anode  to  be  0.  This  assumption  of 
zero  concentration  is  justified  by  considering  that  the  02  adsorp¬ 
tion  isotherm  favors  02  in  the  gas  phase  and  by  considering  that  any 
adsorbed  02  is  reacted  with  either  H2  or  CO.  In  addition,  zero  con¬ 
centration  implies  that  a  site  balance  for  02  similar  to  Eq.  ( 10)  is  not 


Table  3 


Model  parameters  for  CO  and  H2 

on  PRIMEA®  5561  MEAs  (70°C)a. 

Pn2 

0.5 

bfh 

5.74  x  105  Pa 

keh 

9.85  x  10-5  mol  cm-2  s_1 

kfc 

5.13  x  10-10  mol  Pa-1  cm-2  s-1 

a  From  Refs.  [51,52]. 


necessary.  Then  without  a  surface  concentration  of  02  (i.e.,  0o  =  0), 
the  H2  isotherm  parameter  (b^),  the  electrochemical  rate  constants 
{keh  and  Pw2 ),  and  the  CO  rate  constant  (kfC)  obtained  by  Nwoga  and 
Van  Zee  [51,52]  for  these  Pt-Ru  electrodes  can  be  used  as  shown  in 
Table  3.  Note  that  the  CO  isotherm  equilibrium  constant,  bfC ,  was 
shown  to  change  with  pressure  and  CO  concentration  [51].  A  new 
value  for  k^  was  used  which  is  very  close  to  the  values  in  Ref.  [52]. 

One  would  expect  that  y  is  dependent  on  the  surface  cov¬ 
erage  of  H2  (0h2)  and  (#co)  and  the  cathode  pressure  of  02 
under  different  operating  conditions  and  CCM  thicknesses.  Since 
y  =fun(0u2,  Oqo,  Po2 ,  tm ),  we  choose  to  fit  this  parameter  accord¬ 
ing  to  a  minimum  in  the  sum  of  the  squares  of  the  difference  in 
predicted  and  experimental  values  of  r]a.  Thus  the  exercise  is  to  fit 
these  anode  overpotential  data  with  the  simultaneous  numerical 
solution  of  the  steady-state  versions  of  Eqs.  (10),  (11)  and  (14)  to 
obtain  the  best  values  of  y  at  each  p02  and  tm.  Note  that  we  expect 
the  value  of  y  to  change  because  the  residence  time  of  02  could  vary 
under  different  operating  conditions.  This  expectation  is  analyzed 
further  below. 

The  results  of  the  minimization  process  for  obtaining  y  are 
shown  in  Table  4.  Figs.  3  and  4  show  the  comparison  of  the  simula¬ 
tion  and  experimental  results  for  5  and  25  p,m  CCMs  under  different 
cathode  backpressures.  The  simulation  results  agree  very  well  with 
the  experimental  data  under  anode  potential  where  there  is  no 
electro-oxidation  of  CO  by  Ru-OH.  As  can  be  seen  from  Table  4,  the 
net  amount  of  diffused  02  used  for  CO  oxidation  ( yN02 )  increases 
with  the  increase  of  cathode  backpressure  for  both  CCMs  for  50  ppm 
CO  in  H2.  Hence,  the  surface  coverage  of  CO  decreases  with  the 
increase  of  the  cathode  backpressure  as  would  be  expected.  A  larger 
yN o2  yields  a  smaller  value  of  the  anode  overpotential.  The  values 
of  the  sum  of  the  square  of  the  errors  (i.e.,  the  objective  function) 
are  also  shown  in  Table  4. 

Further  analysis  of  these  data  is  possible  with  this  model.  Since 
y  is  very  small  for  all  the  cases,  the  reaction  rate  constant  of  the 
overall  non-electrochemical  reaction  is  very  small  compared  with 
the  adsorption  rate  constant  of  CO.  That  is, 

02  +  2CO  2C02  (15) 

Reaction  (15)  can  be  written  as  a  sum  of  two  surface  reactions: 

Pt  +  1 /202  ^  Pt-0  /<i  (16) 

Pt-CO  +  Pt-0  ->  2Pt  +  C02  kc o  (17) 


Table  4 

Surface  coverages  of  CO,  H2  and  internal  air  bleed  coefficients  for  50-ppm  CO/H2  under  different  cathode  backpressures  (Tcen  =  70°C). 


Partial  pressure  of  CO  (Pa) 

3.5 

3.5 

3.5 

3.5 

CCM  thickness  (pan) 

5 

5 

25 

25 

Cathode  backpressure  (kPa) 

101 

303 

101 

303 

0co 

0.564  ±0.007 

0.025  ±0.007 

0.650  ±0.006 

0.451  ±0.006 

0h2 

0.076  ±0.008 

0.177  ±0.008 

0.060  ±0.007 

0.098  ±0.007 

Y 

0.0359 

0.0439 

0.0354 

0.0333 

yNo2  ( x  10-10  mol  cm-2  s_1 ) 

0.55 

2.67 

0.24 

0.90 

( x  10-9  mol  cm-2  s_1  Pa-1 ) 

0.86 

0.86 

0.86 

0.86 

bfc  (Pa) 

0.477 

0.477 

0.477 

0.477 

XXe* 

0.068 

0.0012 

0.042 

0.0038 

Ti(r\aex  —  rjajh)2 

o 

X 

00 

1.6  x  10“6 

■sr 

O 

X 

o 

2.1  x  10“5 

Number  of  data  points 

18 

18 

16 

16 
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Fig.  5.  Regression  line  using  all  the  (0M,  V*N o2)  data  points  for  CO  oxidation  by 
internal  air  bleed. 
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Fig.  6.  Regression  line  using  all  the  (0M0C o,  y*N o2 )  data  points  for  CO  oxidation  by 
internal  air  bleed. 

If  reaction  (16)  determines  the  rate  of  oxidation  of  CO  by  02,  then 
the  rate  expression  can  be  written  (assuming  the  coverage  of  Pt  as 


Pt-0  (i.e.,  0o)  is  small). 

6m  ~  1  —  6c o  -  6h2 

(18) 

r  =  l< iPq26m  =  -  6C o  -  6H2 ) 

(19) 

Similarly,  if  reaction  (17)  controls  the  oxidation  of  CO,  the  rate  can 
be  written: 

r  =  kco6co60 

(20) 

K  - 

6q  6m  p'£ 

(21) 

where  I<eq  is  the  equilibrium  constant  of  reaction  (16). 
Eq.  (20)  can  be  rewritten  as  follows: 

r  =  kcoKeqPo^^  -  ^CO  -  6u2)6co  =  kcoKeqPQ^6M6co 

(22) 

Then  a  preliminary  indication  of  the  rate-controlling  step  can  be 
obtained  by  plotting  r  =  yN0l  versus  6m  or  0m0c o  depending  on 
the  expression  for  r.  The  slope,  K,  will  be  a  lumped  rate  constant 
equal  to  either  I<  =  k\p^  or  I<  =  kcoKeqPo^-  Figs-  5  and  6  show 
this  analysis.  However,  the  ability  to  correlate  linearly  the  rate  with 
0M  in  Fig.  5  and  the  inability  for  the  rate  to  correlate  with  0M0c o  in 


Fig.  6  indicates  that  reaction  (16)  is  the  correct  rate-limiting  step 
for  internal  air  bleed  with  these  thin  CCMs.  The  regression  line  for 
Fig.  5  is 

r  =  I<(6m  -  6M0)  =  9.29  x  10“10  x  (0M  -  0.12)  (23) 

When  6 mo  <  0.12,  r  is  negative,  which  means  that  the  effect  of  inter¬ 
nal  air  bleed  can  be  ignored  for  high  concentration  of  CO  in  H2. 
However,  Eq.  (23)  can  be  useful  for  the  analysis  of  lower  levels  of 
CO  contaminants  in  H2  or  H2-rich  reformate  gas. 

5.  Conclusions 

An  internal  air  bleed  proves  effective  for  the  mitigation  of  CO 
poisoning  for  a  Pt/Ru  anode  under  high  cathode  backpressure  for  5 
and  25  pum  CCMs  operating  with  50  ppm  CO/H2.  The  anode  overpo¬ 
tential  decreases  with  the  increase  of  cathode  backpressure  if  the 
cathode  backpressure  is  increased  or  a  thinner  CCM  is  used.  That 
can  be  explained  by  the  oxidation  of  CO  by  more  02  diffusing  from 
cathode  to  anode  for  a  higher  cathode  backpressure  or  a  thinner 
membrane. 

A  model  accounting  for  the  internal  air  bleed  is  proposed  to 
explain  the  observed  effects  of  cathode  backpressure  and  mem¬ 
brane  thickness  on  anode  polarization.  The  modeling  results  agree 
very  well  with  the  experimental  data  using  the  model  proposed. 
The  small  values  of  y  are  probably  a  result  of  low  02  adsorption  on 
the  catalyst  surface  rather  than  a  slow  reaction  of  Pt-CO  and  Pt-0 
surface  species.  The  modeling  results  further  show  that  a  portion  of 
the  internal  air  bleed  is  used  for  the  oxidation  of  CO  even  at  ambient 
condition.  Therefore,  the  internal  air  bleed  needs  to  be  included  in 
the  modeling  of  anode  polarization  or  overall  fuel  cell  performance 
when  CO/H2  system  is  used  as  the  anode  fuel  gas,  especially  when 
the  CO  concentration  is  very  low  and  the  membrane  is  ultra-thin. 
An  empirical  relationship  between  yN0l  and  fraction  of  free  Pt  sites 
is  provided  for  facilitating  the  inclusion  of  the  effect  of  the  internal 
air  bleed  in  numerical  modeling  for  a  PEMFC  with  relatively  thin 
membranes. 
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